The possible relationship between consumption of trans fatty acids (TFAs) and risk of insulin resistance or development of diabetes mellitus type II has been considered by a number of human and animal studies over the past decade. This review evaluates the evidence, and concludes that there is limited evidence for a weak association at high TFA intakes, but very little convincing evidence that habitual exposure as part of a standard western diet has a significant contribution to risk of diabetes or insulin resistance. The possibility of increased risk for individuals with particular genotypes (such as the FABP2 Thr54 allele) is of interest, but further work would be required to provide sufficient evidence of any association.
Introduction
The global prevalence of diabetes mellitus type II is on the rise. The World Health Organization estimated there were 171 million cases in 2000, and their projections suggest there may be 366 million cases by 2030 (Wild et al., 2004) . It is well established that dietary and lifestyle factors have an important part in the development of this disease (Steyn et al., 2004) , and it seems likely that the consumption of high levels of heart disease than saturated fatty acid (SFA) has a deleterious effect on glucose and insulin metabolism, whereas long-chain polyunsaturated fatty acid consumption appears to offer a beneficial effect (Hu, 2001 , Steyn et al., 2004 .
Consumption of trans fatty acids (TFA) have a more significant effect on risk of coronary heart disease than SFA intake (Mozaffarian and Clarke, 2009 ), but the evidence for associations between TFA and other health issues, and mechanisms which might underlie such associations, have not been fully elucidated. In late 2007, the Scientific Advisory Committee on Nutrition (SACN) of UK produced an updated position statement on the health impacts of TFA (SACN, 2007) . In this document, they concluded that 'the evidence relating TFA intakes to risk of diseases other than coronary heart disease is limited, and no reliable risk assessments can be made. Future reports on these associations should be monitored, particularly the effect of TFA on insulin sensitivity and diabetes '. This review is produced by the researchers who undertook the SACN review and provides an updated assessment of the relationship between TFA, insulin resistance and diabetes risk.
Trans fatty acids
TFA are a particular class of mono-unsaturated fatty acid (MUFA), in which the double bond is in a different configuration (trans) than the configuration that is present in most naturally occurring MUFA (cis). There are a small percentage of TFA that are naturally found in dairy products and the meat of ruminants, which are formed by microbial action in the rumen. The other source of TFA is from the partial hydrogenation of oils containing unsaturated fatty acids (FAs), usually with the intent of producing a product that is more solid or stable at room temperature than the original oil. In milk fat or ruminant meat, the predominant (30-60%) TFA is vaccenic acid (also referred to as trans 18:1, n-7; trans 18:1, o-11; (E)-11-octadecenoic acid or (E)-octadec-11-enoic acid), whereas in partially hydrogenated vegetable oils, the main isomer (30%) is elaidic acid (trans 18:1, n-9; trans 18:1, o-9; (E)-9-octadecenoic acid or (E)-octadec-9-enoic acid; European Food Safety Authority, 2004) . The TFA isomers from either source are chemically identical, and the considerable overlap in isomers common to both food sources (European Food Safety Authority, 2004 ) prevents current analytical techniques from being able to reliably distinguish between ruminant and industrial TFA simply on the basis of vaccenic versus elaidic acid composition. It has been suggested that the TFA from different sources may not have the same biological effects, with some evidence that animal sources of TFA do not share the adverse effects of isomers of vegetable oil origin. However, relatively few studies have specifically compared the effects either of TFA from animal sources with those of vegetable oil origin, or of isolated vaccenic acid with isolated elaidic acid. Where such comparisons can be made using the results of studies discussed in this review, they are highlighted in the text.
To evaluate the relevance of evidence provided by the studies covered in this review, it is useful to consider the mean population TFA intakes of various populations. The estimated mean TFA intake in the UK is 1% of energy (E) (1.7-2.4 g/day; SACN, 2007) , in western Europe it is 0.9-1.0% of E (2.0-2.4 g/day; van de Vijver et al., 2000) , and in Australia and New Zealand it is 0.5-0.6% of E (1.2-1.6 g/day; Food Standards Australia New Zealand, 2009). Canadian intake has been estimated as 2.2% of E (4.9 g/day; Health Canada, 2006) , with the USA intake B1.8-2.2 g/day (Lemaitre et al., 1998) .
Search methodology
Relevant papers were identified through keyword searches in the Medline and Pubmed database, supplemented by a careful inspection of citations in the various reviews and research papers. The SACN framework for the evaluation of evidence (SACN, 2002) was used as the basis to assess the strength of the scientific evidence. Prospective cohort, casecontrol, cross cultural studies and randomized controlled trials (RCTs) reported between 1997 and 2009 were reviewed, along with appropriate cell and animal studies published between 1995 and 2009.
Cell and animal studies: design and methodology
Most of the cell studies have investigated the effects of varying levels of exposure to TFA on glucose uptake in insulin sensitive targets cells (adipose tissue) or on the secretion of insulin from pancreatic islet cells. Animal studies have investigated a wide range of TFA exposure levels on in vivo, and in vitro/ex vivo, measures of insulin secretion and/or responsiveness. In some cases, the interpretation of the data is limited by the fact that the studies have failed to adequately control the levels of intake of other dietary FAs, which might also influence the processes under investigation. However, when there is agreement between human and animal or cell data, it can provide useful confirmation of an effect and potential elucidation of mechanisms.
The data from the cell and animal studies has been summarized in Table 1 , to allow an overview of the different studies and their findings.
Cell studies
Rat adipocytes incubated for 2 h in media containing purified 18:1 FA isomers showed that both trans 18:1, n-9 and trans 18:1, n-7 FA reduced the amount of glucose converted to cell lipid (Po0.01) and inhibited the oxidation of glucose to carbon dioxide (Po0.05) compared with cis 18:1, n-9 (Cromer et al., 1995) . In a study which compared the effects of acute and chronic exposure to FA, acute exposure of isolated mouse pancreatic islets to different cis and TFA resulted in an increase in glucose-stimulated insulin secretion (GSIS) for all FA, although the trans isomers elicited a higher level of insulin secretion than their cis counterparts (Po0.05; Alstrup et al., 1999) . The rate of glucose oxidation at high glucose concentrations was suppressed by cis FA (Po0.05) but not affected by the trans isomers. The authors also considered the effect of long-term exposure of the islet cells to a range of 18:1 isomers (Alstrup et al., 2004) . Basal insulin release was higher in cells exposed to the cis 18:1, n-7 (Po0.05), but there was no difference between cis and trans 18:1, n-9. GSIS was not altered by chronic exposure to either cis or trans 18:1, n-7 or by cis 18:1, n-9, but was stimulated by 0.3-0.4 mmol/l trans 18:1, n-9. In contrast to the observations at the shorter exposure times, the cells incubated with the FA isomers for 3 days showed no differences in glucose oxidation, but FA oxidation was higher in the presence of the trans isomers (Po0.05).
Animal studies: rodent models
Insulin action and adipocyte plasma membrane FA composition and fluidity were compared in Winstar/NIN rats fed diets containing different FA (0-3 % TFA; Ibrahim et al., 2005) . Statistically significant increases in levels of insulin secretion and reduced membrane fluidity were observed in the groups receiving dietary TFA (Po0.05). In further studies, the mRNA expression of resistin was upregulated, and peroxisome-proliferative-activated receptor-g and lipoprotein lipase were downregulated in adipocytes of the animals receiving the diets containing 3% TFA (Saravanan et al., 2005b) . It was also reported that the TFA diet caused an increase in the mRNA levels of resistin and downregulated the production of peroxisome-proliferative-activated receptor-g, but had no effect on adoponectin or GLUT4 (Saravanan et al., 2005a) . However, because of the variations in the levels of other FA (SFA, MUFA, polyunsaturated fatty Trans FA, insulin resistance and diabetes AK Thompson et al acid) in the diets, it is not possible to conclude that these differences were specifically because of the presence of TFA. The addition of 1.5% (wt/wt) vaccenic acid to the diets of lean and obese JCR:LA-cp rats for 3 weeks had no effect on fasting glucose or insulin for either group . A meal test also showed no differences in postprandial area under curve for glucose or insulin between the vaccenic acid and control MUFA diets.
The addition of trans 16:1 at 4% of E resulted in 7.6 times higher levels of GSIS than cis 16:1 in the perfused pancreas of Sprague-Dawley rats. However, the difference did not quite reach statistical significance (P ¼ 0.07; Stein et al., 1997) . There was no difference between the effects of cis or trans 18:1 FA. A study in Wister rats compared isoenergetic diets containing 4.5 % TFA (derived from margarine) and 0% TFA (lipid content provided by corn oil), and reported no differences in fasting plasma glucose and insulin levels or insulin sensitivity index (Huang et al., 2009) . This is in agreement with a study that reported male Wistar rats fed a diet enriched in either ruminant or industrial TFA at 4% of E for 8 weeks did not demonstrate significantly different insulin or glucose responses to a glucose tolerance test when compared with a control MUFA diet (Tardy et al., 2008) . Similarly, a euglycemic-hyperinsulinemic clamp was performed to measure insulin sensitivity of male Sprague-Dawley rats after 8 weeks on a 10% SFA diet (LF-SFA), a 45% SFA diet (HF-SFA) or a LF-trans diet containing 4.6% TFA (and 5.4% other FA; Dorfman et al., 2009 ). There was no significant effect of the LF-trans diet on whole-body insulin action, and whereas there was a reduction in glucose disposal compared with the LF-SFA group, this was not different in any individual skeletal muscles that were tested.
Quantitative insulin-sensitivity check index was used to assess the effect of TFA consumption on male AKR/J mice (Koppe et al., 2009) . The animals were fed isoenergetic diets containing either lard (0% E from TFA) or shortening (20% E from TFA). After 4 and 8 weeks, the mice fed the high TFA diet had significantly higher insulin levels and lower quantitative insulin-sensitivity check index values, with increased IL-1b expression (Po0.05). However, a further study evaluated the glucose metabolites and glucoregulatory enzyme activities in skeletal muscle and liver of Wister rats fed diets that also contained high levels of TFA (17% (wt/wt) cis MUFA or TFA), and no significant differences in glucose metabolism or enzyme activity were observed (2006) .
Overall, the rodent studies provide some conflicting results, with a number of studies suggesting that high levels of TFA accentuate pancreatic GSIS, but in general those that have used TFA at levels similar to those seen in human diets have not shown any significant differences between groups. Those that have shown negative effects of TFA have either been confounded by variations in other fat types (Ibrahim et al., 2005; Saravanan et al., 2005a, b) or used extremely high levels of TFA (Koppe et al., 2009) . Abbreviations: AUC, area under curve; FA, fatty acid; GSIS, glucose-stimulated insulin secretion; IL, interleukin; I-TFA, industrial trans fatty acid; LDL, low-density lipoproteins; MUFA, mono-unsaturated fatty acid; PPAR-g, peroxisome-proliferative-activated receptor-g; PUFA; poly unsaturated fatty acid; QUICKI, quantitative insulin-sensitivity check index; R-TFA, ruminant trans fatty acid; SFA; saturated fatty acid; SOC-1, suppressor of cytokine signaling 1; SOC-3, suppressor of cytokine signaling 3; TFA ; trans fatty acid; TNF-a, tumor necrosis factor-a.
Animal studies: primate models
A well-designed 6-year study fed 42 male African green monkeys diets containing fat blends composed either primarily of cis MUFA or with the substitution trans MUFA isomers at a level of 8% of E (Kavanagh et al., 2007) . There were no significant differences between fasting insulin and glucose or homeostatic model assessment (HOMA) index, although the authors report a trend towards higher fasting glucose in the monkeys on the TFA diet (P ¼ 0.15). A subset of 12 monkeys underwent an assessment of postprandial metabolism, and there was a significantly higher insulin response in the animals fed TFA than those on the cis FA diet (P ¼ 0.015). Fructosamine levels were also higher in the TFA group (P ¼ 0.002), but lost significance when the model controlled for the higher level of intra-abdominal fat present in the TFA animals. TFA-fed animals also had lower insulinstimulated Akt activation (P ¼ 0.02), with no differences between insulin receptor activation or TNF-a levels, suggesting that the effect was post-receptor.
Epidemiological studies and RCTs: study design and methodology
The odds ratio and relative risk stated throughout this review are those that have been adjusted for potential confounding factors. The specific factors that were adjusted for in each model have been shown within the tables, and usually include age, body mass index (BMI), % E intake and family history. The 'P for trend' values refer to the level of difference between the highest and lowest tertile/quartile/quintile of intake.
One of the problems in interpreting outcomes from the RCTs is that many use TFA levels far higher than would be normally consumed. The argument behind this approach is that it is necessary to have a high exposure in order that effects observed in response to habitual diets over long time scales can be observed over the shorter timescales that operate in most experimental diet studies. This approach assumes that there will be a linear association between the size of any effect and intake, that the same physiological systems and pathways will be involved at all levels of intake and they will be accelerated in response to increasing levels of the relevant compound. These assumptions need to be treated with care with respect to TFAs, particularly at extremely high levels of TFA intake, and it should be noted that our previous work has shown a potential non-linear relationship between TFA intake and coronary heart disease risk (SACN, 2007) .
The three prospective cohort and five cross-cultural studies determined TFA exposure by dietary assessment, with two cross-cultural studies also measuring TFA levels in serum. These studies used a range of outcome measures, including risk assessments for diabetes or poor glycemic control and correlations between TFA intake and metabolic measurements. Eight RCTs investigated the effects of dietary FA substitution for between 3 and 6 weeks, whereas a meal study considered the effects of acute exposure during a single meal. A variety of fasting and postprandial markers of glucose tolerance/insulin sensitivity were used as outcome measures.
The data from the human studies is summarized in Table 2 (Epidemiological studies) and Table 3 (RCTs), which provide additional information such as confidence intervals and P-values.
Population studies
A group of 38 adults with a range of ages, BMIs and levels of glucose tolerance (five with type 2 diabetes) had fasting glucose measured and underwent a 2 h oral glucose tolerance test (Lovejoy et al., 2001) . There was no association between either self-reported TFA intake or TFA enrichment in serum lipids and any of the insulin resistance parameters measured. A similar study in obese and normal-weight Spanish children found no correlation between measurements of insulin resistance (HOMA index and quantitative insulin-sensitivity check index index) and TFA intake or plasma TFA levels (Larque et al., 2006) . Data from 1284 American Indians, who had been diagnosed with diabetes initially appeared to show a trend toward higher TFA consumption and poor glycemic control (Xu et al., 2007) . However, this did not reach statistical significance, and was attenuated after adjustment for additional diabetic risk factors.
A significant relationship was reported between hydrogenated vegetable oil consumption and insulin resistance in adult Iranian women (Esmaillzadeh and Azadbakht, 2008) . However despite stating that this study was initiated because of an interest in the relationship between TFA intake and diabetes, the authors did not quantify TFA intakes so that the exposure levels of subjects within the study cannot be ascertained with confidence. It is stated that the average TFA intake in Iran is high (4.2% of E), and so it is difficult to establish the relevance of their findings in the context of the diet in western countries where the intake is much lower.
Prospective cohort studies
The largest prospective study to report on the relationship between TFA intake and diabetes risk has been the Nurses' Health Study, which administered food frequency questionnaire at 2-4 years intervals. The data from 84 204 women with a follow-up of 14 years found that E-adjusted TFA intake was positively associated with risk of developing type 2 diabetes (relative risk 1.31; P for trend ¼ 0.02; Salmeró n et al., 2001). A 2% increase in E from TFA was associated with a relative risk of 1.39, and substituting 2% of E from TFA with carbohydrate or polyunsaturated fatty acid was associated with a 28% and 40% lower risk of developing diabetes, (Colditz et al., 1992) . Another large study used the Iowa Women's Health Study cohort, and included 35 988 older women with 11 years follow-up (Meyer et al., 2001 ). This study initially found a small inverse association between TFA intake and risk of diabetes (P for trend 0.03), which strengthened through adjustment for magnesium and cereal fiber intake (P for trend 0.004), but was no longer significant when adjusted for different dietary FA (P for trend 0.20). The food frequency questionnaire was only administered at baseline in 1986. This lack of dietary follow-up is of concern as changes in fats formulations and individual food habits over the period of the study may lead to significant misclassification of TFA intake. The authors also carried out a small validation study among 85 participants, in which 44 had self-reported a diagnosis of diabetes. Only 28 of these diagnoses were confirmed, suggesting a possible misdiagnosis in 36% of cases, and raising the possibility of a large number of false positives having been included in the analysis of the whole cohort.
An analysis of data from the Health Professionals Followup Study used 4-year dietary and 2-year health questionnaires from 42 504 men (van Dam et al., 2002) . There was a positive correlation between TFA intake and risk of developing diabetes when adjusted for age and E intake (P for trend ¼ 0.0004). The trend remained significant after further adjustment for physical activity, smoking, alcohol consumption, hypercholesterolemia, hypertension and family history (P for trend ¼ 0.009); but lost significance after adjustment for cereal fiber, magnesium and BMI (P for trend ¼ 0.33). No adjustments for other types of dietary fats were undertaken.
A prospective case-control study in Australia using 3737 men and women with 4 year of follow-up found a strong inverse correlation between TFA intake and diabetes risk (P for trend o0.0001) after adjustment for most standard factors, but no adjustment for diet was included (Hodge et al., 2007) . The authors did not report the TFA intake for the different quintiles, but gave mean intakes of 0.10 and 0.12 g/day for the control and case group, respectively. These levels are significantly lower than the mean of 1.3 g/day reported for the Australian population by a recent government review of TFA intake (Food Standards Australia New Zealand, 2009) . If the reported figures are correct, this would suggest that the participants in the study do not reflect the normal population, and that they consumed very low levels of products that contain ruminant TFA, such as dairy and meat products. In Australia, it is estimated that these products account for B63-75% of TFA intake, which would usually equate to intakes around 1.0 g/day TFA (Food Standards Australia New Zealand, 2009). As no adjustment for dietary factors was included in the model, it may be that the apparent protective effect of TFA intake reflects a lower risk in those individuals who consumed more dairy and animal protein. Trans FA, insulin resistance and diabetes AK Thompson et al Abbreviations: DB, double-blind; FA, fatty acid; HOMA, homeostatic model assessment; IE, interesterified soybean oil; I-TFA, industrial tans fatty acid; LDL-C, low density lipoprotein-cholesterol; MUFA, mono-unsaturated fatty acid; NA, not available; NR, not reported; NS, not significant; P, parallel; PHSO, partially hydrogenated soybean oil; POL, palm olein; R-TFA, ruminant tans fatty acid; SL, semi-liquid; marg, margarine; X, cross-over or Latin square design. Means within columns with different superscript letters are significantly different, Po0.05.
Data from prospective epidemiological studies that evaluated dietary TFA intake (and reported quintile levels) are summarized in Figure 1 .
Randomized control and meal studies
A randomized cross-over trial in obese subjects with type 2 diabetes used three 6 week diets, each containing 20% of E from SFA, MUFA or TFA (Christiansen et al., 1997) . It should be noted that this is an extremely high TFA intake. Insulin and glucose levels were determined in fasting and postprandial blood samples. Postprandial insulin levels were 59% higher after the TFA diet than after the MUFA diet (Po0.05), and 26% higher than after the baseline diet (Po0.05). C-peptide concentrations (a marker of insulin secretion) showed a similar pattern during the TFA diet, and were 42 and 32% higher than the MUFA and baseline diets, respectively (both Po0.05). There were no significant differences between the SFA and the TFA diets. Another study used 63 subjects with abdominal obesity but provided diets containing TFA at levels consistent with North American TFA intakes (Tardy et al., 2009) . Each participant was assigned to one of three diets: low TFA diet (low TFA, 0.23±0.04% of E), ruminant TFA-rich diet (enriched in vaccenic acid, 2.04±0.27% of E from TFA) or industrial TFA rich (enriched in elaidic acid, 2.59 ± 0.48% of E from TFA). Volunteers were given spreads, desserts and biscuits to be consumed in set amounts each day for 4 weeks, with euglycemic hyperinsulinemic clamps used to measure insulin sensitivity before and after the diet period. There was no difference between any group for any measure of insulin sensitivity (fasting glucose, fasting insulin, HOMA or any parameter from the clamp).
A study involving 25 healthy subjects of normal (BMI o25 kg/m 2 ) and increased (BMI 25-30 kg/m 2 ) body weight compared three 4-week diets, using very high TFA levels in one diet phase (Lovejoy et al., 2002) . Each diet contained B7% of E from trans 18:1, cis 18:1 or 16:0 FA. There was no significant effects of diet on any markers of insulin resistance, but whole body fat oxidization was lowest when the diet was enriched with MUFA (26.0 ± 1.5 g/day) and highest when enriched with TFA (31.4 ± 1.5 g/day; P ¼ 0.02). The overweight subjects had reductions in insulin sensitivity of 11 and 24% on the TFA and SFA diets, respectively, when compared with the MUFA diet. However, this difference did not reach statistical significance. Slightly lower TFA levels were used in a trial in 14 healthy young women, which compared a high-TFA diet (5.1% of E from TFA, 80:20 trans 18:l and 18:2) with a high-oleic diet (5.2% of E from cis 18:1; Louheranta et al., 1999) . Each diet phase lasted 4 weeks, and was preceded by a 2-week basal diet. There was no significant difference between the diets for insulin sensitivity index or acute insulin response; although there was a small non-significant increase in fasting insulin levels on the TFA diet compared with the MUFA diet (8.1±0.6 mU/l and 7.4±0.5 mU/l, respectively; P ¼ 0.089).
The effect of six different types of dietary fats on glucose homeostasis was investigated using soybean oil, semiliquid margarine, soft margarine, partially hydrogenated soybean oil (PHSO), traditional stick margarine and butter (Lichtenstein et al., 2003) . Each diet lasted for 35 days and provided between 0.05-5.2% of E as TFA. There were small differences between the diets for some measurements, but these were not consistent with the levels of TFA present. The authors concluded that there was no association between TFA and glucose metabolism. A cross-over study compared diets containing either PHSO, soybean oil, palm oil or canola oil in 15 volunteers who were over the age of 50 years and had raised serum low-density lipoprotein-cholesterol (X130 mg/100 ml; Vega-Lopez et al., 2006) . Each diet phase lasted for 35 days, and the PHSO diet provided 4.15% of E as TFA. There were no differences in fasting glucose levels between the diets, but the PHSO diet resulted in significantly higher fasting insulin levels and HOMA scores than either the soybean or canola oil diets (Po0.05). The effects of diets containing palm olein (POL), PHSO or interesterified soybean oil (IE) on glucose and insulin metabolism were compared in 30 participants (Sundram et al., 2007) . The IE oil had the same FAs present as standard soybean oil, but their position on the triglyceride backbone had been modified. The diet containing PHSO provided 3.2% of E as TFA, with minimal TFA present in any of the other diets. Each diet was consumed in a random order, and lasted for 4 weeks. Salmeron (2001) Meyer (2001) van Dam (2002) Figure 1 Risk of diabetes from prospective epidemiological studies that evaluated dietary intake of TFA. The current mean TFA intake in the UK is 1.0% of E or 1.7 g/day for women (white arrow) and 1.0% of E or 2.4 g/day for men (black arrow). Risk of diabetes is plotted as the RR, with bars showing±95% confidence interval for intake ranges above reference (RR ¼ 1) in each study. Data from Salmeró n et al. (2001) and van Dam et al. (2002) was converted from % of E to g/day based on an energy intake of 1700 and 2400 kcal/day, respectively. Reproduced from SACN (2007) with permission.
increased modestly after the PHSO diet relative to POL (Po0.05), but was highest in the IE diet. Using the POL diet as a reference, fasting insulin decreased by 10 and 22% on the PHSO and IE diets, respectively (P40.05 and Po0.001). Postprandial glucose was higher in the IE diet, but similar in the PHSO and POL diets. Postprandial 2 h insulin was lower in both IE and PHSO compared with the POL diet, but C-peptide levels were only significantly lower for the IE diet. Overall, the authors concluded that adverse effects on glucose metabolism were most significant in the diet containing IE relative to the dietary treatments that were higher in SFA or TFA.
A double-blind parallel study compared a control butter and a butter high in vaccenic acid (ruminant TFA; Tholstrup et al., 2006) . Male volunteers consumed 115 g/day of the test fat for 3 weeks, providing a vaccenic acid intake of 3.6 g/day for those on the ruminant TFA diet. There was no difference in fasting insulin or glucose between groups, although volunteers on the control diet also had significantly lower MUFA intake during the study period, which may have confounded the results.
Consumption of a single meal containing 10% of E from either 18:1 cis MUFA or TFA resulted in a significantly greater increase in insulin levels after the TFA meal (Po0.05) for a group of overweight but healthy participants (Lefevre et al., 2005 ). An index of relative insulin sensitivity (product of postprandial changes in insulin and glucose concentrations) was also greater after the consumption of the TFA meal than the cis MUFA meal (Po0.05). The results were also analysed with respect to the presence or absence of the Thr54 FABP2 allele (12 Ala/Ala; 8 Thr/Ala, 2 Thr/Thr at codon 54 in FABP2), with Thr/Ala and Thr/Thr genotypes combined into a single group. Individuals with either Thr/Ala or Thr/Thr genotypes demonstrated a twofold greater postprandial glucose response (Po0.05) and a 70% greater postprandial insulin response (P ¼ 0.15) than Ala/Ala genotypes. The authors observed that these results were consistent with impaired insulin-mediated glucose uptake, due perhaps to fatty-acid-induced insulin resistance in the muscle. A significant genotype by meal interaction was observed for TAG fractional synthetic rate (Po0.05). This rate was not affected by the FA composition of the test meal for individuals in the Ala54 group, but individuals in the Thr54 group had a 20% higher rate after consumption of the TFA meal than after the cis MUFA meal (Po0.05).
The Ala54Thr polymorphism of FABP2 gene has been shown to increase affinity of intestinal fatty-acid-binding protein 2 for long-chain dietary FA, and a recent study has show accelerated incorporation of dietary unsaturated FAs, including TFA, into postprandial triglycerides in diabetic subjects carrying the FABP2 Thr54 allele. It was suggested this might increase the susceptibility of these subjects to adverse effects of specific FAs, but the study was not designed to address whether this dietary FA-gene interactions could increase risk of type 2 diabetes (Almeida et al., 2010) .
Discussion
Isolated pancreatic islets studies suggest that there is a differential effect of TFA compared with cis FA on the regulation of insulin secretion, with TFA potentiating GSIS more than cis isomers of identical chain length. There is also concordant data from cells and human studies, which suggest increased rates of oxidation of TFA compared with cis FA. There is limited data from rodent studies; the majority of existing studies have not shown any effect of TFA on markers of insulin resistance; the few that have reported a positive relationship have either used TFA levels of 20% of E or else are confounded by variations in other fat types.
Of the three large prospective cohort studies, two showed a positive association. In these studies, the impact of TFA on risk of diabetes were similar, with odds ratios of 1.31 for a range of TFA intakes from 1.3-2.9% of E (Salmeró n et al., 2001), and 1.39 for TFA intakes from 0.7-2.0% of E (van Dam et al., 2002) . However, in the latter study the association was no longer significant after adjustment for dietary factors and BMI. In the third study, an inverse association between TFA intakes and diabetes was reported, but these findings were limited by high likelihood of misclassification because of the collection of dietary data only at baseline, and potential misdiagnosis of diabetes in a large percentage of participants (Meyer et al., 2001) . A recent study using data from the Nurses' Health Study has found a significant relationship between potato consumption and diabetes, even after adjusting for the standard factors including fiber, TFA and SFA consumption (Halton et al., 2006) . This raises the possibility that variables around carbohydrate consumption may also need to be included in models for diabetes risk, and none of these studies included such adjustment.
One of the five population-based studies found an inverse relationship between TFA intake and diabetes (Hodge et al., 2007) , but the level of TFA intake reported seem to be far outside of the normal range of intakes and unrealistically low, suggesting that the data may be incorrect or else that the population used in the study have significantly different dietary habit to the general population. The authors also made no adjustment for diet in their analysis. Another population study reported a strong correlation between hydrogenated fat consumption and diabetes (Esmaillzadeh and Azadbakht, 2008 ), but did not convert the levels of hydrogenated fat into TFA intake.
No effect on insulin sensitivity or glucose tolerance was found in five RCTs or meal studies of healthy individuals fed TFA diets at intakes between 2-7% of E. However, postprandial hyperinsulinemia was observed in obese subjects with type 2 diabetes fed diets containing 20% of E as TFA (Christiansen et al., 1997) , and a study in 15 subjects with raised low-density lipoprotein-cholesterol found a diet containing 4% of E from TFA resulted in a higher HOMA value than diets containing MUFA (Vega-Lopez et al., 2006) . In an acute meal study (Lefevre et al., 2005) , a significant increase in insulin resistance was observed following meals high in TFA (10% of E). In the same study, other adverse effects of TFA (on triglyceride synthesis) were shown to be genotype dependent, with greater adverse response for individuals carrying the FABP2 Thr54 allele (B28% of the population). A single study that compared diets containing TFA from ruminant and industrial sources at levels commonly found in the free-living population did not see any difference between diets (Tardy et al., 2009) . Perhaps the most convincing evidence for a relationship between TFA intake and insulin resistance comes from the 6-year primate study comparing cis and trans isomers (Kavanagh et al., 2007) . However, the diets contained 8% of E as TFA, which is between 4-8Â the levels currently consumed in most Western countries. Overall, the evidence at present is tentative, and further investigations at habitual TFA intakes are needed.
Conclusion
Despite the addition of new evidence since the SACN review (SACN, 2007) , the data available to assess evidence for an association between TFA intakes and incidence of diabetes remains limited. At high TFA intakes there is some evidence for a weak association, but the relevance of these observations to western populations where the intake is much lower is debatable.
Overall, it seems unlikely that the levels of TFA consumed as part of a standard western diet will have a significant contribution to risk of diabetes or insulin resistance. The possibility of increased risk for individuals with particular genotypes (such as the FABP2 Thr54 allele) is of interest, but this has only been considered in a single study to date. Any further studies should be aware of the need for careful design and adjustment for the appropriate diet and lifestyle factors, and the importance of using tissue TFA levels or recent, well-validated questionnaires to determine TFA intake.
